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Background. The amount of data generated, transmitted and accumulated in the world is constantly growing every year.
On the other hand, users need new services and information exchange capabilities. 5G technology is able to meet the
requirements of subscribers to some extent. Therefore, it is important to consider the main features of fifth generation mobile
networks and to determine the requirements for the design of optical transport networks that will ensure the successful

implementation of 5G technology.

Objective. The aim of the paper is to determine the features of design and characteristics of optical transport networks to

implement the capabilities of 5G technology.

Methods. The analysis of the publications devoted to modern optical networks and their optical components allowed
defining the basic requirements to design of optical transport networks and their characteristics.

Results. It is established that optical transport networks should provide increased bandwidth; possibility of mass optical
cross-connections in ROADM/OXC nodes that support addition/removal of any wavelength from/in any direction; intelligent

operation and maintenance of the network.

Conclusions. The defined requirements for the design of optical transport networks and their characteristics will ensure the
successful implementation of the capabilities of 5G technology, which will meet the needs of subscribers.

Keywords: 5G technology; optical fiber; ROADM; OXC.

Introduction

The amount of data generated, transmitted and
accumulated in the world is constantly growing every year.
The Internet of Things (IoT), Big Data, artificial intelligence
and other innovations are fast becoming realities of modern
life. Storage of data in cloud storage and operation of
applications in the cloud environment are used today.
According to forecasts the number of devices connected to
the Internet could reach 50 billion at any time, starting in
2025 [2]. Powerful transport networks are needed to transmit
such an ever-increasing amount of data. Existing optical
transport networks support a wide range of communication
services, including mobile services.

On the other hand, users need new services and
information exchange capabilities. 5G technology is able to
some extent meet the requirements of subscribers to the
growing amount of data transmitted and the introduction of
new services. Use in the mobile network of systems with
spaced transmitting and receiving antennas (MIMO -
Multiple Input Multiple Output), providing multiple
input/output, and applications such as cloud radio access
network (C-RAN — Cloud-Radio Access Networks) and
Coordinated multi-point (CoMP), which requires low latency
and precise synchronization, results in a high throughput
requirement.

Therefore, it is important to consider the main features of
the fifth generation of mobile networks and to determine the

requirements for the design of optical transport networks that
will ensure the successful implementation of 5G technology.

Requirements for the implementation of 5G
technology

The fifth generation of mobile technology (5G) is
expected to bring people, IoT, data, applications, smart
transport systems and cities together in a smart network
environment. They need to transmit a huge amount of data
much faster, provide a reliable connection to a huge number
of devices and process very large amounts of data with
minimal delay. [2]

5G technologies are expected to support applications such
as smart homes and buildings, smart cities, 3D video, cloud
work and play, remote medical services, virtual and
augmented reality, and mass machine-to- machine
interconnection for production automation. [2]

It is envisaged that 5G will provide faster data transfer
than 4G, will make it possible to place devices with higher
density, and provide opportunities for direct interaction
between different devices.

Among other things, the 5G standard should provide the
following characteristics [8,10]:

o peak data download speed per base station up to 20

Gbps;

o data download speed up to 100 Mbit / s and download

up to 50 Mbit / s for one subscriber;
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o the ability of the subscriber unit to move at speeds up
to 500 km / h between base stations;

o the ability of devices to switch in 10 ms between
energy saving mode and fully operational;

o delays of up to 4 ms under favorable conditions, and
up to 1 ms for specialized connections;

o improved efficiency of radio frequency spectrum use;

o Data transfer at 1 Gbps at the same time for many
users on one floor of the building;

o the ability to operate up to 1 million devices per 1 km?
[8].

5G communication uses two ranges of electromagnetic

waves - FR1 (600-6000MHz) and FR2 (24-100GHz).

Requirements for the characteristics of optical
transport networks

The first commercial network of the fifth generation was
launched in October 2018, when the telecom operator
Verizon announced the launch of "the world's first 5G
network" in four US cities: Houston, Indianapolis, Los
Angeles and Sacramento [11].

Globally, the fifth generation wireless technology (5G)
will be launched in the current 2020 [1]. The optical network
that will provide 5G technology must meet the three main
characteristics without which full operation is not possible,
namely:

o enhanced transmission capacity of the optical fiber;

o massive optical cross-connections;

o intelligent operation and maintenance of the network.

When providing the above characteristics, the network
will have the main functions, as illustrated by the triangular
diagram for 5G (Fig. 1):

o enhanced broadband mobile communication;

o massive machine type communication;

o ultra-reliable and low latency communication.

These three main features together support an expanded
range of services and are compatible with the new services
that will appear in the 5G era. It will also support the
transmission of the growing IoT traffic.

To meet the requirements of advanced 5G broadband,
optical networks must provide greater bandwidth and be cost-
effective [4].
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Fig.1 The main functions of 5G networks [3]

Massive machine type
communications

Flexible Networks

During the period 2013-2019, the bandwidth of the
optical fiber increased from 8 Tbit / s to 32 Tbit / s [1]. In
2013, digital coherent detection with SD-FEC (soft-decision
forward-error correction) allowed to transmit channels at a
speed of 100 Gbps with quadrature phase manipulation and
polarization division multiplexing of the optical signal
(PDM-QPSK - Polarization-division —multiplexing -
quadrature-phase-shift keying) at a distance of more than
4000 km.

EDFA amplifiers used in optical networks provide in the
C-band (1530-1565 nm, ie amplification bandwidth 4 THz)
transmission of eighty optical channels in the one optical
fiber at a speed of 100 Gbps with a step between channels of
50 GHz, which leads to the throughput of each fiber 8 Tbit /
s, today — 32 Tbit / s. Thus, the spectral efficiency of the
WDM (Wavelength division multiplexing) system was 2 bits
/s / Hz, which in 2019 increased to 5.3. Optoelectronic
devices using 32 Gbaud for modulation / demodulation
provide 128 Gbps data rate for PDM-QPSK and 100 Gbps
data rate after deletion of service data for FEC (Forward
Error Correction). Higher level quadrature amplitude
modulations (QAM), such as the PDM-64QAM, have been
introduced to further increase speeds, for 2019 the speed of
optoelectronic devices is 64 Gbaud. Digital processing of
optical signal was based on 40-nm CMOS-technology, today
— 7-nm CMOS-technology, in the future 5-nm CMOS-
technology is expected [1].

In the future, using both the extended C-band and the
extended L-band, the EDFA gain band may be increased to
10 THz and beyond. With advances in optoelectronic device
technology, the modulation rate can exceed 100 Gbaud. More
advanced digital optical signal processing algorithms include
probabilistic constellation shaping (PCS) for higher-level
QAM, nonlinearity compensation, and co-processing of
superchannel components [9] that can be implemented using
5-nm CMOS technology. When these characteristics are
achieved in 2022, data transmission systems will further
double the capacity of optical fibers to 64 Tbit /s [1].

Fig. 2 shows the measured spectrum of 195 optical
channels placed in increments of 50 GHz, with a spectral
efficiency of 10.3 bps / s / Hz and a total EDFA gain of 9.75
THz, which gives a capacity of one optical fiber 100.5 Tbit/s
[1,7]. The transmission path consisted of six segments of
100-kilometer  fiber corresponding to G.654E. The
amplification of EDFA in the C- and L-bands was used.
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Fig.2 Measured spectrum of 195 optical channels transmitted
by one optical fiber at a distance of 600 km, which shows the
capacity 100.5 Tbit /s [1]

When using 5G, long delays in the network are
unacceptable, as technologies and applications are sensitive
to delays and are highly dependent on data transmission rates.
Therefore, it is necessary to transport WDM systems
channels with low delay, to use optical cross-connections as
much as possible to switch optical channels of different
wavelengths, which will provide direct connections at the
optical level through different nodes of 5G-oriented optical
networks.

Massive optical cross-connections are required to provide
full switching capability for all WDM channels in all fibers
connected to the optical node. This can be achieved by using
multidegree reconfigurable nodes of optical channels
addition/dropping (MD-ROADM - multi-degree
reconfigurable optical add / drop multiplexer) and optical
cross-switching components (OXC — optical cross-connect).

Design features of optical transport networks

As mentioned, optical transport networks (OTNs) use
Dense Wavelength Division Multiplexing (DWDM)
technology, which allows efficient use of optical fiber
bandwidth by increasing as needed the number of optical
channels (wavelengths) transmitted in one optical fiber. The
main nodes of such a network are DWDM terminal nodes,
where a multi-channel DWDM signal is formed / terminated,
reconfigurable nodes of optical channels addition/dropping
(ROADM), optical channel cross-connect nodes (OXC) and
optical amplification nodes.

Multidegree ROADM and optical cross-connect (OXC),
which are supposed to provide mass optical cross-
connections in 5G networks, are built using wavelength
selective switch (WSS) and wavelength cross-connect
(WXC). One of the options for WSS design is an optical
multiplexer and demultiplexer based on the arrayed
waveguide grating technology (AWG), between which for
each wavelength is an optical switch that either blocks a
given wavelength without passing it from the demultiplexer

to the multiplexer, or passes it to the multiplexer. Instead of
blocked wavelengths, new optical channels are added in their
place to form a new multi-channel DWDM signal.

Fig. 3 illustrates a ROADM / OXC node that supports
adding / removing any wavelength from / to any direction.
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Fig.3 Example of a node ROADM/OXC [1]
(ADWSS — Add/Drop WSS, MCS — Multi-cast Switch )

Since optical multiplexing / demultiplexing is performed
by passive elements, it is necessary to take into account the
optical power loss using optical amplifiers. Typically, the
insertion loss per optical multiplexing / demultiplexing
operation is 5-7 dB. EDFA optical amplifiers have a wide
gain band, C-band - 1530-1565 nm or L-band - 1565-1625
nm, and can increase the power of the multi-channel DWDM
signal by 17-34 dB. In addition to EDFA amplifiers, Raman
amplifiers are also used, which use the effect of Raman
scattering in optical fiber.

In addition to optical amplifiers, chromatic dispersion
compensation units are used to increase the length of
regeneration sections in the optical transport network. Also at
transmission speeds greater than 10 Gbps in the optical
channel, it is necessary to take into account the presence of
polarization mode dispersion (PMD) in the optical fiber.
Modern methods of optical signal modulation and the use of
digital coherent receivers (DCR - Digital Coherent Receiver)
with optical digital signal processors [1] makes it possible to
fully compensate for chromatic dispersion and PMD using
linear digital filters in the electromagnetic field
reconstruction by DCR receiver. This allows to get today the
transmission data rate at a wavelength of 100 Gbps and
above.

As an example, in the Cisco Systems' ONS 15454, which
is widely used in Ukrainian telecommunications networks,
the 15454-OPT-EDFA-24 enhanced C-band amplifier card
[12] does not use an intermediate stage to connect chromatic
dispersion compensation units (DCUs). This has been made
possible by using of coherent detection technology and a new
PM-DQPSK modulation format in the 40 and 100 Gbps
transponder units, which eliminates the need for dispersion
compensation. In addition, the noise figure of these erbium-
doped fiber amplifiers (EDFA) is optimized by having one
gain stage, without an intermediate one - for DCU
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connection.  The  15454-OPT-EDFA-24  card can
simultaneously amplify up to 96 optical channels with an
interchannel interval of 50 GHz in the extended C-band
1528.77-1566.72 nm with the gain of up to 24 dB.

For example, the SMR20-FS and SMR20-FS-CV cards
[13] used in Cisco NCS 2000 equipment integrate two optical
cross-connect units with multiplexer and demultiplexer, a
variable gain EDFA preamplifier, and an EDFA booster. In
addition, the SMR20-FS-CV card has a special laser source
in the demultiplexer section and a photodiode in the
multiplexer section, which provide the ability to check the
connection. These cards support up to 20 directions for each
ROADM node and are used in different topologies.

The ROADM / OXC subsystem can become more
compact by using the integrated N x N OXC at the
wavelength level for line-side switching and the integrated N
x M WSS for local add/drop connections and fiber-free
connections. The new WSS add/drop provides reduced losses
and power consumption [5].

To maximum simplify and configure the correct operation
of the 5G network has a system of intelligent network
operation and maintenance, which provides the ability of the
fast network planning and reliable service. At the stage of
operation, traffic forecasting, troubleshooting and error
warning are possible. At the optimization stage, adaptive
resource management and network slicing partition ensure
that the service is supported adequately and with resource
efficiency [6]. With the introduction of artificial intelligence
in a networked cloud environment, it has become possible to
predict failures in optical networks and future requirements
for network resources, thus increasing the operation and
maintenance efficiency.

Conclusion

The article considers the main features of the fifth
generation mobile communication networks and identifies the
requirements for the optical transport networks design that
will ensure the successful implementation of 5G technology
and new services based on it.

The characteristics of current and future optical transport
networks are indicated. It is expected that the optical fiber
use efficiency will continue to increase. OTN equipment
components will integrate more and more functions, increase
their productivity and energy efficiency.

It is concluded that to support 5G technology, optical
transport networks should provide increased optical fiber
throughput; mass optical cross-connections based of
ROADM / OXC nodes that support the addition / removal of
any optical channel from / to any direction; intelligent
network operation and maintenance, which provide
opportunities for reliable and adaptive resource management.
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I'puzopenxo O.I., Cozonnux I /1.
BuMoru 10 onTHYHUX TPAHCIIOPTHHX MEPE:K /IJISl YCIMIlIHOTO BIPOBA/IZKEHH TeXHOooTii 5G

IIpodaemaTuka. KiTbKiCTh TaHUX, IO TEHEPYIOTHCS, MEPENAIOTHCS 1 HAKOIMIYIOTECS Y CBITI HEBIIHHO 3POCTAE 3 KOKHIM
poxoM. 3 iHmoro 60Ky, KOpPHCTyBaui MOTpeOyIOTh HOBUX CEpBICiB Ta MOXIMBOCTell oOMiny iH(popmamiero. Texnomnoria 5G
CTMPOMOYKHA B MEBHIA Mipi 3aJ0BOJILHUTH BUMOTH a0OHEHTIB. TOMY BaXIMBUM € PO3IJISHYTH OCHOBHI OCOOJMBOCTI Mepex
MOOINBHOTO 3B’SI3KY II'SITOTO TMOKOMIHHSA Ta BHU3HAYATH BHMOTH [0 TOOYAOBH ONTHYHHX TPAHCIIOPTHHUX MEPEXK, LIO
3a0e3meyars yCIilIHe BIPOBaKEHH TeXHOJIOTIT 5G.

Meta pociimkeHb. BmsHaueHHS ocoOnmmBocTell MOOYMOBH Ta XapaKTEPHUCTHK ONTHYHMX TPAHCHOPTHHX MEPEexX Uit
peaizaiiii MOXIMBOCTEH TexHOMOTIT 5G.

Meroauka peanizamii. AHaJi3 JKeped, MPUCBIYCHAX Cy9aCHAM ONTHYHHM MEpekaM Ta iX ONTHYHIM KOMIIOHEHTaM, JaB
3MOTY BH3HAYUTH OCHOBHI BUMOTH JI0 TOOYIOBH ONTHYHHUX TPAHCTIOPTHHX MEPEX Ta IX XapaKTEPHCTHUK.

PesyasTaT nociainkenb. BcTaHOBIEGHO, 0 ONTHYHI TPAHCIIOPTHI MEPEXkKi MAIOTh 3a0e3MedyBaTH 30UIBIICHY TIPOITYCKHY
37aTHICTB; MOJKJIMBICTh MACOBUX ONTHYHHUX KpOC-3’€qHaHb y By3max ROADM/OXC, mo miaTpuMyIOTh 10 JaBaHHS/BUIAICHHS
Oy Ib-sKOT TOBKUHM XBHII 3/B Oy/Ib-SIKOTO HANIPAMKY; 1HTENEKTYyalbHy eKCILTyaTallilo Ta 00CIyroByBaHHs MEPEKi.

BucHoBku. Bmsnadeni BuMornm 10 moOyZOBH ONTHYHHX TPAHCIIOPTHUX MEpeX Ta iX XapaKTepHCTHKH 3abe3nedaTh
YCHIIIHY peai3alito MoxkIMBocTel TexHomorii 5G, mo 6yae BinnosinaTé moTpedaM abOHEHTIB.

Kirouosi cioBa: texnosnoris 5G; ontuune Bojokao; ROADM; OXC.

I'puzopenko E.I'., Cozonnux I /I.
TpeGoBanus K ONTHYECKHM TPAHCIIOPTHBIM CETSM /ISl YCHELIHOT0 BHeApeHHs TexHoaoruu SG

IIpodaemaTuka. KommdectBo reHepHpyeMBIX, ITepeiaBacMbIX M HAKOIUICHHBIX JaHHBIX B MHPE HEYKJIOHHO pacTeT C
KakapM TofoM. C Apyroll CTOPOHBI, MOJB30BATENH TPEOYIOT HOBBIX CEPBHCOB M BO3MOXKHOCTEH oOMeHa HH(OpMamHei.
Texnonorust 5G crnocoOHa B ONpEJIENCHHON CTENEHN YAOBICTBOPHTE TpeboBaHus aboHeHTOB. [103TOMY Ba)KHO paccMOTpPETh
OCHOBHBIC 0COOCHHOCTH CceTel MOOMIIBHOH CBS3H IATOTO NOKOJCHHS U OMPEACTHTh TPEOOBAHUS K TOCTPOCHUIO ONMTHYECKUX
TPAHCHOPTHBIX CETeH, KOTOpbIe 0OecIeyaT yCHelrHoe BHeApeHue TexHonorun 5G.

Heapb uccaenosanmii. OnpeneneHne 0cOOCHHOCTEH MOCTPOCHUS W XapaKTEPUCTHK ONTHIECKUAX TPAHCTIOPTHBIX CETeH JUI
peanu3anui BO3MOKHOCTeH TexHooruu SG.

MeToauka peaqu3aluu. AHaJIN3 BCEX U3BECTHBIX ITyOJIMKALMH, ITOCBAIICHHBIX 1010COBBIM (uibTpamM CBY Ha B3anMuo
PACCTPOCHHBIX PE30HATOPAX B MAPAUICIBHBIX KaHATAX, HO3BOIMI BEIIBUTH NMPHUCYIHE UM 3aKOHOMEPHOCTH (THIIBI KOJIeOaHMIH
B IapallebHbIX KaHAllaX, PAcIoJIOKEHUE MONOCOB 3aTyXaHHs BBIIIE MM HIKE TOJOCH MPOMYCKaHUs), MPOSBIAIOIINECS
HE3aBHCHMO OT HCIOJB3yeMBIX THIIOB PE30HATOPOB.

PesyabTaThl Hecae10BaHMil. AHATN3 UCTOYHUKOB, TIOCBSAIIEHHBIX COBPEMEHHBIM ONTHYECKUM CETSIM M MX ONTHYECKHM
KOMITOHEHTaM, TO3BOJMII OINPEICIHTh OCHOBHBIC TPEOOBAHHSA K MOCTPOCHMIO ONTHYECKHX TPAHCIOPTHBIX CeTeH M HX
XapaKTePUCTUKAM.

BbIBOABI. YCTaHOBIIGHO, YTO ONTHYECKUE TPAHCHOPTHBIE CETH JODKHBI O0ECIeUYMBaTh YBEIMYECHHYIO HPOIyCKHYIO
CIIOCOOHOCT; BO3MOXHOCTh MACCOBBIX ONTHYECKHX Kpocc-coepmHeHnil B y3max ROADM/OXC, mommepKuBarommx
nobaBnenue/yaaneHue 00 AMUHBL BOJHBI ¢/Ha JII00O0T0 HANPAaBICHHUS; HHTEIUIEKTYaIbHYIO SKCILTyaTallio 1 00CITyKUBaHHE
CeTH.

KiroueBrle ciioBa: Texnoorus 5G; ontnyeckoe BostokHo; ROADM; OXC.





